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Background 

Chinese ancient architectures are valuable heritage of ancient 
culture of China and even the world. Many historical building have 
been preserved up to now.   





Characteristics of ancient timber structure 

Structure configuration 

The basic characteristics of ancient timber structure, 
which is still used, consist of a raised platform, forming 
the base for a structure with a timber post-and-lintel 
skeleton, which is turn supports a pitched roof with 
overhanging eaves. This osseous construction permits 
complete freedom in walling and fenestration. 

Timber post-and-lintel skeleton Wall 



Platform 



Column 



Dou-gong 



Purlin 



Rafter 



Tile 



Diversity and complexity of mortise-tenon joint 

Characteristics of ancient timber structure 

There are many kinds of in ancient timber structure which 
connect the structural components and make the structure 
works as a whole.  



Roof Frame Layer 

Dou-gong Layer 

Pillar frame Layer 

Base Layer 

critical  joints 

Load Transmission： 
Dou- 
Gong 
layer 

Pillar 
frame 
layer 

Base 
layer 

Characteristics of ancient timber structure 

Hall-style structure (Dian Tang) 

Roof 
frame  
layer 

Among these various kinds of joints, there are some critical 
ones which influence much on the overall structural properties. 



Critical joint plays an important role in the structural entire properties 

 

Characteristics of ancient timber structure 

critical  joints 

Hall-style structure (Ting Tang) 



       

deterioration 

 

Column footing joint is one of  the weaken  parts of  ancient timber 
structure.  

Characteristics of ancient timber structure 

slippage 
Rotation 

Column footing joint is easily to have corrosions because of the humidity 
and ventilation condition of the environment. Besides, under horizontal 
loads, slippage and rotation of the column footing will occur. 

There are three kinds of 
column footing joint: Floating 
column footing joint, Guan-
jiao mortise-tenon column 
footing joint and Tao-ding 
mortise-tenon column footing 
joint. 



             Column –Fang and Beam-Purlin were connected by mortise and 
tenon joints, which make independent structural components into 
stable  pillar frame  layer and roof frame layer . Mortise and 
tenon weaken the cross section of the component, that makes the 
joint become a weak part of the structure.  

  Mortise and tenon joints of column –Fang 

Characteristics of ancient timber structure 



Mortise and tenon joints of Column-Fang 
Feiyun building in Wanrong, Shanxi province 
 
 

Joints of Beam-Purlin 

The cross section of the column is severely weakened by the joint. 
The components have  higher bearing capacity, while joints’ bearing 
capacity is lower . 

Characteristics of ancient timber structure 



Room frame layer and  pillar frame layer are connected by Dou-gong 
joint.  Beam is   setted  on Dou-gong . Dou-gong is setted on the Pu-pai 
fang or the top of  column  by   by  mortise and tenon.  
   

Dou-gong joint 

Characteristics of ancient timber structure 



       

Definition: ―Dou-gong‖and ― Dou-gong joint‖ 

Dou-gong consists of  many 
small components. Under the 
effect of external load 
(especially the gravity load), 
deformations like rotation, 
squeezing and lateral 
migration will occur. These 
components will gradually 
become stable and bear 
external  forces as a whole.  
 
 

Characteristics of ancient timber structure 

Components of Dou-gong 
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Dou-gong joint:  connections  between Dou-gong and the pillar 
frame layer which include Dou-gong and beam（Fang）joint and  
Dou-gong and column joint. 

 Dou-gong and beam（Fang）joint 

 Dou-gong and column joint 

Dou-gong and beam（Fang）joint is a load bearing set usually locating on 
the top of a column supporting the long eaves and roof. It transmits the 
vertical load of the heave roof to the column. Dou-gong and column joint 
will rotate and slip under the effect of horizontal loads, that is similar to 
the behavior of ―rocking‖. So it can be said that Dou-gong joint is weaker 
than Dou-gong itself. 

Characteristics of ancient timber structure 



To  assess the overall structure statement of ancient timber 
structure, the mechanical performances of the structure should 
be analyzed based on the numerical model of the whole 
structure. Mechanical characteristics and finite element model 
of the critical joints of ancient timber structure play important 
roles in the whole structural model and should be analyzed 
carefully.  
 
 

Yingxian wooden pagoda Structural model Equivalent joint model 
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Column footing joint 

Mortise and tenon joint of column-Fang 

Dou-gong joint 
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Critical joints 
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Floating column footing Guan-jiao tenon 
   

 
Tao-ding tenon 

column footing joint：joint between column and stone base 

Column footing joint 

Column is set on the 
base directly. Friction 
between the column and 
the base counteracts 
the horizontal load .  

Guan-jiao mortise and 
tenon is for the  
positioning of the 
column.  

  

The insertion depth 
of Tao-ding tenon is 
a little bit longer, 
such that it can 
counteract some 
moments. 



 

 Floating column footing joint relaxes the 

constraints between the column and the 

stone base.  The contact between  

column and the base can only counteract 

compressive force but no tensile  force. 

 

The mechanical characteristics of the Guan-jiao tenon and Tao-ding 
tenon column footing joints become similar as the floating column 
footing joint after a quite long service time. 
 

As the column is not fixed but only placed on the stone base, the column 
will rock under horizontal loads. With the assumption that a rigid body 
column contacts a rigid body surface at both ends,  column will rock around 
the edge of column footing  to lead to lift off . Repeatedly raising and 
returning caused by reciprocated loading such as earthquakes  will occur to 
column, which shows the behavior of  column rocking 

Column footing joint 



N 

P 

0.5 

The average friction coefficient between column and column base 
 

 Friction coefficient between the column and the stone base 
(Zhang, 2003)   

horizontal load 

Vertical load 

Column footing joint 



Calculation formula of the slippage 
displacement between the column 
and the stone under white noise 

 Friction sliding isolation model (Yao and Zhao,2006) 

The slippage criterion: Under effect of horizontal earthquake, the 
maximun shearing force  at the column 
footing is 
The earthquake acceleration is 
 
 
 

FPK equation of random vibration  
theory are derived. 

The slippage value is  related 
with the power spectral density 
of the earthquake excitation S0 
,frequency of the column frame 
and the friction coefficient of 
the column footing. 

mg
x

/x g 

Column footing joint 

x g No sliding 

x g Sliding  

is slippage criterion.  



Shakig table test, in which the scale 
ratio of the test model is  1:3.52. The 
test timber frame consists of four 
columns. The test is to verify the 
effectiveness of the slippage 
criterion of the column footing and 
the theoretical isolation model 
 
 
 

Column footing joint 



 ―Rocking‖ model  of column（Masaki，2004） 
 

The influence of ―rocking‖ on the bending stiffness: With the increase of 
displacement, the restoring force is increased, showing characteristics of  
positive stiffness ; But when the displacement exceeds a certain value, restoring 
force decreases with the increase of displacement,showing  characteristics of  
negative stiffness . 
 
 
   

Column footing joint 



Mrc/h is rocking restoring force of column 
Mrc/h=(Mbc+Mtc)/h=(Ph-Mhb)/h 

Quasi-static test  

Hysteresis curve curves  

When the Angle is small, total restoring force 
mainly comes from the rocking restoring force of 
column; 

When the Angle increases,  the contribution of 
restoring force of beam-column joints increased 
gradually , the contributon of restoring force of 
beam-column joints decreased. When the angle is 
more than 1/15, rocking restoring force of column 
is negative. Because total restoring force is always 
positive,structure does not  collapse. 

Column footing joint 

skeleton curves  



Column-Fang and beam-purlin are connected by mortise and tenon joint. 
This kind of joint can be divided into two categories according to 
mechanical property that are dovetail mortise-tenon joint and straight 
mortise-tenon joint.  
 
 

Mortise and tenon joint 

categories 

Dovetail mortise-tenon 

Straight  mortise-tenon 

Dovetail mortise-tenon 
Penetrated  

mortise-tenon 
Semi-penetrated 

motrise-tenon 

Penetrated mortise and tenon 

 Semi-penetrated mortise and tenon 



Dovetail mortise-tenon • Dovetail mortise-tenon has 
wide front end and narrow 
root end.  

• It always used to connect 
column and fang.  

• It transfers bending 
moment, shear and axial 
forces to the column and 
lintel, finally to the stone 
base.  

Components of mortise and tenon  

Mortise and tenon joint 



Load transmission mechanism of dovetail mortise-tenon joint 

Under the external forces, 
the joint is in a complex 
stress state, subjecting to 
shear, axial force and 
bending moment.  
 
  

Effect of axial force 

The axial force N is balanced by the friction, f, and the compressive 

force, N’. If the axial force, N, increases, the compressive forces N’ 

will also increase and the width of the head of tenon will be smaller 

while the width of mortise will become bigger. In this case, the tenon 

may be pulled out from the mortise.  

 

 

Mortise and tenon joint 



Effect of bending moment 

Mortise and tenon joint 

      Under the bending moment M, which is the summation of M1 and 

M2, the bottom of mortise constrains the rotation of the lower 

surface of tenon, meanwhile dou-gong constrains the rotation of the 

upper surface of tenon, and the constraints generate bending moment 

to balance M1. M2 is balanced by the bending moment generated by 

the compressive forces of the lower part of the forward inner 

surface of tenon and the inner side surface of mortise. Too big M will 

make the neck of tenon failed.  



Effect of Shear force 

Mortise and tenon joint 

Under the shear force Q, vertical friction f between 
the inner surface of mortise and the face of tenon is 
generated as well as the compressive forces q on the 
lower surface of mortise. Too big Q will cause shear 
failure to the head of tenon. 

Failure modes   

Failure modes of mortise and tenon 



Semi-penetrated mortise-tenon joint Penetrated mortise-tenon joint 

Mortise and tenon joint 

Straight  mortise-tenon Mostly used 



Effect of horizontal loads 

Under the horizontal load, static friction is generated between the 
surfaces of mortise and tenon to counteract the external horizontal 
loads. The friction is related to the compressive force N and the 
friction coefficient of the contacts. When the horizontal load 
exceeds the maximum static friction force, relative displacement 
between the mortise and tenon will occur; When the horizontal load 
continues to increase, relative rotation will happen to the mortise and 
tenon.  
 
 

Mortise and tenon joint 



Mortise and tenon joint 

Effect of vertical loads 

The vertical load is transferred from Fang to the head of the tenon, 

and then to the column and finally to the stone base. In the parallel 

grain, lateral friction is generated along the both sides of the head of 

tenon. Column provides upward supporting force in the transversal 

grain. Upward friction will occur to the side contacts between mortise 

and tenon.  

Forces in the parallel grain Forces in the transversal grain 



Tenon penetrates the column for a centain length, that constraints 
the rotation of beam around the mortise and bending moment of 
the mortise-tenon joint is generated. The lower surface of the 
tenon gives pressure to the edge of the mortise, and the extrusion 
stress on the contact between the upper surfaces of mortise and 
tenon is generated. Plastic deformation may happen when the 
bending moment is large. 

Mortise and tenon joint 

Effect of bending moment 



Mortise and tenon joint 

Semi-penetrated mortise-tenon joint 

Typically, semi-penetrated mortise-tenon joint is not recommended 
in practical use because its tensile strength is very low so that the 
tenon can be easily pulled out from the mortise, that may result in 
the failure of the whole structure frame. Ti-mu, dowel and other 
small components are usually added under the semi-penetrated joint 
to improve the mechanical capacity of the joint.  

Failure modes of ti-mu 

Dowel of ti-mu may 
be cut off in the 
transversal grain 

Ti-mu may be 
pulled off  in the 
parallel grain 



Usually the mortise can’t completely fit the tenon due to 
manufacturing errors. At the beginning of loading, the joint can be 
considered as a hinge joint. Mortise and tenon grip each other 
tightly as the load increases. The joint is no longer hinged if 
slippage exists between mortise and tenon. If the load continues to 
increase, the joint will finally reach its limit state with the tenon 
pulled out of the mortise. 

Mortise and tenon joint 

 Load-displacement diagram  

load-displacement diagram 



 Numerical modeling  

Three-dimensional joint 
element with variable 
stiffness(Fang, 2001) 

 Moment and rotation relation  

Three-parameter model  Four-parameter model  

Tri-linear model  

Under the effect of  dynamic load , hysteresis 
curve of dovetail tenon is pinched. 

Mortise and tenon joint 

 Experimental researches 



Dou-gong and dou-gong joint 

• Lu-dou is the base of dou-gong set which is simply a large square block on the top of 
the column. 

• There are set into that block crossed arms (gong) spreading in four directions. 
These in turn bear smaller blocks (dou) that carry still longer arms spreading in the 
four directions to support upper members in balance.  

• The jutting arms called hua-gong rise in tiers or ―jumps‖ and extend outward in steps 
from the large-block fulcrum to support the weight of the overhanging eaves. 

• This external pressure is countered by internal down-thrusts at the other ends of 
the bracket arms. Intersecting the hua-gong in the bracket set is transverse gong 
that parallel the wall plane.  

• Long cantilever arms called ang descent from the inner superstructure, balance on 
the fulcrum and extend through the bracket sets to support the outermost purlins.  

Dou-gong 



Load of roof or vertical load of upper column was passed  to  top of  
sublayer of column  through transversal compressive behavior  of  Hua-
kung, man-kung, shan-dou, Lu -dou and  bending behavior of gong fang.  

Hua-kung and ang are main bearing components along the direction of  beam 
frame, that  undertake the vertical load carried by beam and eaves.  

Ni-dao-gong, gua –zi-kung, man-gong  and ling-kung only bear the vertical 
loads from longitudinal frame.  
 
  

Dou-gong and dou-gong joint 

 Transmision mechanism of vertical force 

Hua-gong (Ang) 

Gong 



The main function of dou is transfer pressure from the upper part to the two 
ends of gong. Lu-tou is  main the compressive member, which bears the 
largest pressure of all components. It transfers the pressure carried by dou-
gong  to p’u-p’ai fang or Lan-erh . 
 
 
  

 Transmission mechanism of Horizontal force 

Dou-gong and dou-gong joint 

The force state of lu-dou The force state of san-dou 

Lu-dou San-dou 

Horizontal loads are counteracted by mortise-tenon joints and dowel in dou-
gong and they are finally transferred from Lu-dou to the column through the 
dowel between the Lu-dou and Pu-pai fang. 



Dou-gong and dou-gong joint 

The static and dynamic properties of dou-gong in Qing and Song dynasty. 
The relationship between the restoring force and displacement has been 
obtained. It is found that the dou-gong complex has great anti-seismic 
property. (Zhao 1999; Gao 2003; Zhang 2003; Yuan, 2011) 

Static test 

 Dynamic test 

 Scaled model tests 

-P  curve  

Hysteretic curve 



 Research on the size effect of  dou-gong 

Quasi static loading experiment was carried by three different sizes of dou-
gong specimen .  No matter what size of dou-gong, lu tou will rotate and slip 
under the effect of lateral load . Lu tou was in a local pressure state (Tsuwa, 
2008). 

The influence of errors in geometric model and boundary conditions of joint  
have less  effect on the results of the model test than the error caused by the 
reduced scale. Besides, the irregular features of wood material could not be 
well simulated through reduced scale model. 
 

Dou-gong and dou-gong joint 



Most of study is about dou-gong 
rather than dou-gong joint 

 
Vertical static load is applied to dou-gong  to study the 
transmission mechanism of dou-gong under the gravity 
loads of upper structure (Xiao, 2010). 
 

Full scale model of dou-gong in Yingxian wooden pagoda 

Dou-gong and dou-gong joint 

 Full Scale model test—static test 



Shaking table test of full-scale model of dou-gong --‘MASUGUMI’  (in 
ancient timber structure of Japan) has been carried out. Basic parameters of 
dougong, such as natural frequency ,damping ratio and stiffness were obtained 
(Kyuke, 2007). 
 
  
   

Dou-gong and dou-gong joint 

 Full Scale model test—dynamic test 



Dou-gong layer is composed of dou-gong complexes which are connected by 

several parallel fangs. Dou-gong layer connects with roof frame layer and 

pillar frame layer. The low cyclic loading tests of single dou-gong, two dou-

gongs and four dou-gongs have been carried out to study the collaborative 

behavior of the dou-gong layer (Sui, 2009). 

Dou-gong and dou-gong joint 

 Researches on Dou-gong layer 



Lv (2010) conducted vertical load test on dou-gong joint with consideration 

of the connections of dou-gong, beam, fang and column to study the static 

mechanical characteristics of dou-gong joint. 
 
  

The test of dou-gong joint under the vertical load 

Dou-gong and dou-gong joint 

 Tests on dou-gong joint 



 Numeical model of dou-gong 

3D semi-rigid spring model 
(Fang, 2001) 

Dou-gong and dou-gong joint 

Beam-group element (Zhang, 2002) 

Beam-short column element group 
(Chen, 2011)  

 Spatial corbels model  (Wang, 2008) 
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Problems of the previous research 

In the experimental study, the error caused by the scaled 
model should be considered, because that kind of error is 
much bigger than those errors caused by geometric size and 
constraint conditions.  

The numerical model of the joint should be adaptive for 
description of the mechanical properties of the joint in 
variable force systems. The model should include the 
construction information such as the geometric size, 
component configuration and so on. It should have better 
convergence performance and applicable to the overall 
structural model for mechanical analysis.  

The numerical model of the joint should consider the 
anisotropic material property of timber. 



Study of Mechanical behavior and  Equivalent finite element 
model of slotted mortise-tenon joint on top of the column  

P’u-p’ai fang is set on  tenon and Lan-erh, and bear the load transfered 
from the upper Lu tou and e-fang  on both ends. 
 

Researches on the equivalent model of joint 



Equivalent model of joint   

The crowded frictional beheavior of slotted mortise-tenon joint is 
complex non-linear problem. Hybrid truss calculation model  should be 
established and the model is suitable for analysis of structure with 
highlighting mechancial and damage characteristics of  slotted mortise-
tenon joint.  
 
 
 
  
  

Research basis 

 Determine  parameters of the joint  
 Verify the equivalent joint model  

 

Full scale test  
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Conclusions 

 Critical joints of ancient timber structure such as dou-gong joint, mortise-

tenon joint and so on usually influence much about the overall structural 

performance. Studies on mechanical properties and equivalent finite element 

model of the critical joints are of great importance.  

 The conceptual analysis on the mechanical properties of the critical joints  

like column footing joint, mortise-tenon joint and dou-gong joint are carried 

out and load transmission mechanism and failure mode of the joint and its 

constituent components under different external forces are proposed and 

discussed.  

 Researches on the joints of ancient timber structure at home and abroad 

are as well summarized to provide an overview of recent advances. There 

are still some problems that need to be solved, such as error caused by the 

scaled model, adaptive characteristics, anisotropic material property and so 

on. So the equivalent models of critical joints are required to be further 

studied.  
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Numerical Simulation 

Ying Xian wooden Pagoda  



Numerical Simulation 

Potala Palace in Tibet  



Laboratory tests 

Material tests of old wood 



Laboratory tests 

Test of joints 



Field tests 

 Static monitoring: Long-term monitoring 
     To obtain the deformation of the structure  
 Dynamic monitoring: Long-term  monitoring & Short-term testing 
       To obtain the dynamic properties of the structure  



Static monitoring 
FBG (Fiber Bragg Grating) sensors 

Data Acquisition system  Strain Sensor Temperature sensor 

376 Temperature sensors  

12  Tilt Sensors  

376 Strain Sensors  

206 Column Strain sensors 

88 Beam Strain sensors 

78 Strain sensors for torsion 

4 Rafter Strain sensors 

Tilt Sensor 



Column Strain Sensor   

Strain Sensor for Torsion 

Beam Strain Sensor  

Tilt sensor on column  Tilt sensor on beam  

Sensors on structural components 

Strain Sensor for Torsion 



Column Strain  

Data analysis (one year monitoring) 

Pressure Tension 



Beam Strain  

Pressure 

Tension 

Data analysis (one year monitoring) 



Data analysis (one year monitoring) 

Strain for torsion 

Relative deformation between 
column and beam 



-0.106 -0.123 
6.843 

6.83 

2.746 
2.719 

4.936 
4.921 

Beam Tilting 



Temperature-effect 

Temperature 
change 

Expansion and shrinkage 
of timber material 

2012.9—2013.2, shrinkage of 
timber material, pressure 
strain increase 

Pressure and tension of 
structural components 

Climate change 

2013.2—2013.9, expansion of 
timber material, tension strain 
increase 



0.8-1----high correlation 
0.5-0.8----Medium correlation 
0.2-0.5----low correlation 
0-0.2----weak correlation 

Correlation coefficient 

Most strain change are highly 
correlated with Temperature 
change. 

Strain 

Temperature 

How to remove the 
Temperature-effects? 

Temperature-effect 



  

Testing area 

Dynamic monitoring 

• Dynamic properties of the 9th floor of Hong Gong. 
• Structural dynamic responses under crowd load. 



Acceleration sensor  Amplifier 
  

Dynamic properties of the 9th floor of  Hong Gong. 

Data Acquisition system  
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C18 C17  C16  C15  C14  C13  

2  7  10  14  16  

3  8  12  13  1  11  15  

    ——general sensor  
    ——reference sensor 
  

     

• Sampling frequency: 512Hz 
• Testing time: 30 min at night (without crowd load)  
• Environmental excitation 

 

Case 1 

Case 2 

Case 3 



  Frequence（Hz） Damping ratio 

1st order 16.0991 0.06071 

2nd order 39.9399 0.00496 

3rd order 49.78009 0.01016 

First mode of the 9th floor  
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Structural dynamic responses under crowd load. 
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